The growth process of cavities nucleated at the interface between a rigid surface and a soft adhesive layer has been investigated with a probe method. A tensile stress was applied to the highly confined layer resulting in a negative hydrostatic pressure in the layer. The statistics of appearance and rate of growth of cavities as a function of applied negative stress were monitored with a CCD camera. If large germs of cavities were initially present, most of the cavities became optically visible above a critical level of stress independent of layer thickness. Cavities grew simultaneously and at the same expansion rate as a function of applied stress. In the absence of large germs, cavities became optically visible one after another, reaching a limiting size controlled by the thickness of the layer independently and very rapidly. Although, for each sample, we observed a statistical distribution of critical stress levels where a cavity expanded, the mean cavitation stress depended both on surface topography and more surprisingly on layer thickness. We believe that this new and somewhat surprising result can be interpreted with a model for the growth of small germs in finite size layers (J. Dollhofer, A. Chiche, V. Muralidharan et al., Int. J. Solids Struct. 41, 6111 (2004)). This model is mainly based on the dual notion of an energy activated transition from an unexpanded metastable state to an expanded stable state and to the proportionality of the activation energy with the elastic energy stored in the adhesive layer.
Introduction
Despite significant industrial interest in the topic, the criteria triggering fracture of soft and highly deformable materials, as commonly encountered in many applications such as self-adhesive products, cosmetics or biological tissues [1] , have remained much more elusive than in the case of brittle solids. In brittle solids the common view of failure is that the material has intrinsic flaws. Failure in a structure occurs by the growth of one of these flaws into a crack when the energy release rate G (the elastic energy stored in the material which would be released by the growth of the flaw) reaches a critical value G C , controlled by the dissipative processes occurring during crack propagation [2] . In this picture, only the largest flaw matters since it will propagate catastrophically and the criterion for propagation is that of a critical energy [3] .
In highly deformable materials of course intrinsic flaws exist as well, however their growth under an applied remote stress does not necessarily lead to a catastrophic failure of the material. The propagation of a single crack accompanied by the release of elastic energy is seldom observed. Failure occurs more often by a mechanism more a e-mail: costantino.creton@espci.fr analogous to tearing, where highly dissipative processes involving large scale deformations of the material occur. These processes invariably involve, locally, the formation of cavities and the orientation and extension of polymer chains, reinforcing dramatically the resistance to fracture [4] [5] [6] .
The determination of the criteria controlling the formation of cavities in a soft material which are the focus of our experiments, become then essential to understand the resistance to fracture of this class of materials. Cavitation, i.e. the nucleation and growth of voids under a tensile stress, has been investigated extensively both in simple liquids [7] [8] [9] [10] and in elastic rubbers [11] [12] [13] [14] [15] [16] [17] [18] (elastic moduli ∼ 1MPa). Cavitation in liquids invariably occurs on pre-existing defects [9] (heterogeneous nucleation) so that the measured cavitation stress is highly dependent on the defect population. Liquids cannot store elastic stress, so cavitation is controlled by a balance between viscous dissipation and surface tension. Cavitation in rubbers on the other hand, appears to be a process controlled chiefly by the elastic modulus of the rubber [11] . Rubbers can store and release elastic energy and the growth of a cavity is always accompanied by the release of some elastic energy. Although the presence of defects is known, the 390 The European Physical Journal E level of stress at which existing cavities expand can be well predicted by the elastic properties of the rubber [11] .
In between stiff rubbers and Newtonian fluids, there exists a variety of polymeric-based soft materials with intermediate properties in terms of elastic modulus and viscoelastic character, where cavitation is observed [19] [20] [21] [22] , but appropriate criteria triggering it are much less established. In order to obtain such a low modulus while retaining a solid character, all these materials are based on a network of fixed points (ionic complexes [20], hydrogen bonds [23], glassy domains in block copolymer phase separated structures [24]) keeping together a liquid-like matrix. Since they are not able to flow, very large deformations will lead to failure by fracture or cavitation and they are often ideally suited for adhesive applications.
We contribute here to the understanding of cavitation in soft highly deformable solids by presenting new results focusing on soft adhesives, with an elastic modulus distinctly lower than that of a typical chemically crosslinked rubber.
Cavitation in such soft adhesive layers has been observed by several researchers with experiments performed in a variety of geometries such as peel, shear, wedge or tack. However, the nucleation and growth of cavities is enhanced by the degree of confinement of the layer since this increases the hydrostatic component of the load. Following many previous studies, we will use here a highly confined geometry consisting in a relatively thin film between two parallel flat surfaces: the so-called poker-chip geometry.
The key difference however will be that our cavities will expand from pre-existing defects at the interface with one of the surfaces rather than in the bulk of the layer.
Experimental methods and materials

Adhesive films
We performed the entire study with a model permanent soft pressure-sensitive adhesive. It is a blend of a symmetric styrene-isoprene-styrene triblock copolymer (SIS) and a hydrogenated resin miscible with the isoprene. Both the copolymer and the resin (trade name Escorez 5380) have been kindly provided by ExxonMobil Chemical. The SIS contains 85 wt% of isoprene and has a total molecular weight M w = 154 kg/mol and a polydispersity M w /M n = 1.07. Due to the high value of the χ parameter between styrene and isoprene, a microphase separation occurs: the polystyrene end-blocks form rigid nodules that act as physical crosslink points for the melt isoprene chains. The resin has a very low molecular weight (M w ∼ 1.1 kg/mol) and is miscible with the isoprene phase but not with the styrene phase [24] . Added to the SIS (60 wt% resin, 40 wt% SIS), these small molecules swell the isoprene matrix and dilute the entanglement network of the isoprene phase [25] . The resulting material is a soft physically crosslinked rubber with a low storage elastic modulus (E ∼ 0.2 MPa) and a relatively low loss modulus (E ∼ 0.02 MPa at 0.1 rad/s). In the relevant frequency range for the experiment presented in this study (around 0.08 s −1 ), the loss modulus E slightly increases with frequency and the storage modulus E is constant ( Fig. 1) . At room temperature this type of material never flows even at very low frequencies since it is a physically crosslinked gel [26] . Adhesive films are prepared by casting a solution of the SIS + resin in toluene on cleaned glass slides (2 mm thick). Drying is first performed at room temperature for a day, then at 45 • C under vacuum for two days. The film thickness h 0 is measured by both optical profilometry and by weighing. Films with three different dry thicknesses were cast: 60 µm, 120 µm and 240 µm, by using different concentrations of the SIS + resin blend (respectively 7.5 wt%, 15 wt% and 30 wt%).
Probe surfaces
The probe we used consists of a flat-ended cylinder made of stainless steel (radius = 3 mm). We used in this study two different surface treatments for the flat end which makes the contact with the adhesive film. The two probes are polished with two different abrasive papers in order to get different levels of surface roughness. The probe surfaces were characterized using an optical profilometer in vertical scanning interferometry mode (VSI) to map out the surface [27] . Typical sections of the two surfaces are given in Figure 2 . The surfaces are named "rough" and "smooth" for convenience. It is important to note that even if the "rough" surface is clearly rougher than the "smooth" one, both are flat and quite smooth (vertical and horizontal scale are not in the same units).
Three parameters have been used to characterize the surface 1 . The first is the average roughness R A defined by equation (1), where z is the height relative to a mean plane and s is the area of the measured zone (typically 1 Further characterization of the surface topography would of course have been possible. We focused on parameters that could be more easily related to the concept of initial defect introduced in the discussion, instead of performing a generic roughness characterization.
